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Abstract 
 
In this work we report on the progress that has been made towards gaining an 
understanding of the molecular mechanism of 1,3-dipolar cycloadditions using the 
bonding evolution theory (BET). A detailed analysis of the flow of electron density 
along the reaction pathway of the formal 1,3-dipolar cycloaddition reaction between 
cyclic nitrones (pyrroline-1-oxide and 2,3,4,5 tetrahydropyridine-1-oxide) and ethyl 
acrylate, as a case study, allowed the nature of the molecular mechanisms to be 
characterized. 
The present study provides a deep insight into the reaction mechanism, based on the 
electron density rearrangements given by the structural stability domains, and their 
connection with the bond breaking/forming processes along the reaction pathway. 
Electron pushing formalism is a powerful tool to describe chemical reactivity. Here, we 
show how the Lewis structures can be recovered and how curly arrows describe electron 
density transfers in chemical reaction mechanisms based on the BET results. The 
reaction mechanism is described by four consecutive events taking place as the reaction 
progresses: 1) the population of the initial N−C double bond is transferred to the N and 
C atoms; 2) the population of the initial double C-C bond is transferred to the C atoms. 
Along the ortho pathway the next steps are: 3) the C−C bond-forming, and 4) the O-C 
 2 
bond-forming process. The order of 3) and 4) is inverted in the meta channel. Based on 
the sequence of the structural stability domains along the intrinsic reaction coordinate, a 
new synchronicity index is proposed, allowing us to classify and quantify the 
(a)synchronicity of the 1,3-DC reactions and, therefore, the nature of the reaction 
mechanism. 
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Introduction: State of the art 
 
A central goal of chemistry is to explain and understand the fundamental features of the 
formation and cleavage of chemical bonds along the reaction mechanism of a given 
chemical rearrangement. Many scientific theories and concepts are characterized by 
their simplicity, thus making them easy to communicate to students and researchers, and 
such simple concepts have therefore been adopted in chemistry. This endeavor has 
produced molecular orbital (MO), valence bond (VB), and conceptual density functional 
(CDF) theories, which have been successfully employed by chemists to understand and 
rationalize chemical reactivity. 
 The frontier orbital theory1 and the orbital symmetry rules of Woodward and 
Hoffman2 are paradigmatic examples of the possibilities of quantum chemistry within 
the MO theory. In this sense, MOs allow a chemical bond to be defined as a pair of 
electrons shared by two or more nuclei, as put forward by Lewis3. Further, in the VB 
theory developed by Pauling4-7, the superposition of resonant Lewis structures 
represents the chemical bonds by localized electron pairs, providing interpretations on 
the very nature of bonds, the structure of the molecules, and even of their reactivity8,9. 
Robinson’s curly arrows maintain Lewis electron pairs to represent the bond-making 
and bond-breaking events during a chemical reaction progress10. Curly arrow pushing 
remains fundamental to rationalize chemical reactivity in organic chemistry and for 
writing a molecular mechanism to represent the evolution from the reactants, and how 
they might then go on to give the observed products via possible intermediates and 
proposed transition states11. Very recently, Knizia and Klein12 reported how the 
rearrangements of bonds can be expressed by curly arrows using transformations of 
intrinsic bond orbitals along the reaction coordinate. 
 In the CDF theory, chemical reactivity is analyzed from relevant descriptors 
such as electronegativity, electronic chemical potential, hardness and softness, and so 
on13-15, or the energies of the highest occupied molecular orbital (HOMO, εHOMO) and 
the lowest unoccupied molecular orbital (LUMO, εLUMO), that is, the LUMO-HOMO 
gap (gap = εLUMO – εHOMO). Over the last decade, doubts about the validity and 
usefulness of these concepts have emerged from various sources, the deeper reason 
being based on the fact they are not quantum-mechanical observables and, in addition, 
are not an explicit functional of the electron density. They are mathematical constructs 
that approximate reality, and are often complex valued functions. 
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 Electron density, ρ(r), is a measurable feature and always a real valued function. 
With the advancement of X-ray diffraction techniques and spin-polarized neutron 
diffraction, chemists are now able to measure ρ (r). It has been argued that an accurate 
bonding model must be rooted in something real16,17. Therefore, a model of the 
chemical bond must be rooted in quantum mechanics, provide insight, and possess 
predictive power18. This is why the electron density, ρ(r), is certainly the best choice 
because it is a local function defined within the exact many-body theory, which can also 
be extracted from experimental data as well as from first principles methods. From a 
quantum perspective, the importance of ρ(r), as a fundamental property of an electronic 
system containing all the information of physical relevance, is highlighted by the 
Hohenberg-Kohn theorem19, i.e., all ground state properties depend on the charge 
density. 
 The seminal works of Bader et al20,21 have generated an active research area 
based on the study of the topology of molecular scalar fields. This area is called 
quantum chemical topology (QCT)22, a branch of theoretical and computational 
chemistry based on the analysis of the gradient of scalar functions that yields a wealth 
of calculated chemical information from the wave function of a molecule and/or a 
crystal. Under this formalism, a molecule or crystal is decomposable into atomic 
domains (commonly referred to as atomic basins) by means of the topology of the 
electron density, ρ(r). It uses the (mathematical) language of dynamical systems to 
obtain chemical insight23. QCT may be viewed as a bridge between the picture of the 
chemical bond derived from the Lewis theory and the first principles quantum-
mechanical methods. 
 Within the QCT framework, we have decided to use bonding evolution theory 
(BET), proposed by Krokidis and Silvi24, which combines the electronic localization 
function (ELF)25,26 and Thom’s catastrophe theory (CT)27, to unravel reaction 
mechanisms28-32. A topological analysis of ELF in the line of Bader’s atoms-in-
molecules approach33 can be interpreted as a signature of the electronic-pair 
distribution, and its topology provides a partition between core and valence regions26,34. 
 BET is composed of a chemical interpretation, provided by ELF, and a 
mathematical formalism, based on Thom’s catastrophe theory, disclosing the basic 
entities of the theory and their mathematical relationships. This introduces the glue 
linking the formalism and chemical concepts, such as Lewis structures, electron pair, 
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and curly arrows used in the chemical language. Some reviews on the ingredients and 
applicability of BET to understand and rationalize chemical reactivity have been 
discussed and scrutinized in more detail elsewhere35-39. The identification of the turning 
points connecting the ELF structural stability domains (SSDs) along the reaction 
pathway allows for a rigorous characterization of the sequence of electron pair 
rearrangements taking place during a chemical transformation, such as multiple bond 
forming/breaking processes, creation/annihilation of lone pairs, transformations of 
double bonds into single ones or vice versa, and other electronic rearrangements. 
 The paper is organized as follows: in the next section the reaction mechanism of 
the 1,3-dipolar cycloaddition (1,3-DC) is discussed on the basis of previous studies. In 
the third section, the computational details are outlined, and in the subsequent section 
the results are presented and discussed, and we provide the connection among the 
chemical bond rearrangements, electron density redistribution throughout the reaction 
progress, and the concepts introduced within the context of BET. Finally, we summarize 
our main conclusions. 
 
On the reaction mechanism of 1,3-dipolar cycloadditions 
 
The 1,3-DC reactions between 1,3-dipoles and dipolarophiles are among the most 
important and extensively studied reactions in organic chemistry40-45. As recently 
remarked by Raines et al46, more than half a century has elapsed since this encouraging 
comment by Huisgen: “If one regards reactions as new only if they have no forerunners, 
not even singular examples buried in the literature, then 1,3-dipolar additions cannot 
claim novelty. But if one defines reactions as novel which are for the first time 
recognized for their generality, scope, and mechanism, the judgment must be 
different”47. 
 The concept of dipolar cycloaddition offers a formal description of the overall 
reaction but not a mechanistic interpretation. In the case of the 1,3-DC reaction the main 
question is whether the new σ-bonds that are formed during the interaction of the 1,3-
dipole with the dipolarophile, and which results in a five-membered ring, occur in a 
concerted or stepwise mechanism. In addition, cycloaddition can follow different 
reaction pathways with the presence of intermediates of a biradical or zwitterion 
character on the potential energy surfaces, which deserve special attention in order to 
understand the reactivity patterns48-54. Therefore, a wide range of reaction paths are 
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possible for this type of reactions, from concerted synchronous and concerted 
asynchronous up to two stages via different types of intermediates. Finding the nature of 
the reaction mechanism for 1,3-DC reactions has been studied using different 
procedures. 
 In the seminal work of Huisgen, the nature of these cycloadditions is defined as 
concerted pericyclic reactions, according to the Woodward-Hoffmann rules, via a 
symmetry-allowed (π4s+π2s) process. These reactions are characterized by joining two π 
systems at their ends to form a ring compound through the formation of two new sigma 
bonds via the breaking of two π bonds, one from each π system, in a concerted 
process55,56. More recently, a plethora of theoretical tools have been employed, based on 
the values of the distortion and interaction energies proposed by Houk et al57-60 or the 
analysis of the vibrational modes for the reactants61-64. In this context, we can cite the 
works of Toro-Labbé et al in which the degrees of synchronicity (or non-synchronicity) 
in different types of cycloadditions are analyzed by means of the reaction force 
constant65,66, reaction electronic flux67, and electronic stress68, which have been shown 
to be effective for this purpose. Very recently, Cremer et al69 analyzed the reaction 
mechanism of the cycloaddition of ten 1,3-dipoles with two dipolarophiles (ethylene 
and acetylene) using the unified reaction valley approach. As a general conclusion these 
authors point out a caveat with regard to oversimplified descriptions of the reaction 
mechanism based on orbital theory or energy decomposition schemes. 
 
The case study: the reaction mechanism of 1,3-dipolar cycloadditions between the 
cyclic nitrones and ethyl acrylate 
 
1,3-DC is widely used in organic chemistry for the preparation of five-membered 
heterocycles, which are synthetically useful compounds40, due to their high 
stereospecificity and stereoselectivity70-72. In this context, 1,3-DC reactions between 
nitrones and alkenes leading to isoxazolidines are well-known construction processes73. 
Isoxazolidines are found in several biologically active molecules with different uses, 
such as plant growth regulators, antiviral, antibiotic, and antitumor drugs, and 
fungicides. Due the presence of a labile N-O bond, isoxazolidines act as intermediates 
in the synthesis of alkaloids, and they can be easily converted into 1,3 aminoalcohols, 
aminoacids, substituted amines, nitroalcohols, β enamine-carbonyls, and so forth74-77. 
These 1,3-DC reactions of nitrones with dipolarophiles can lead to the formation of both 
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endo and exo isoxazolidines cycloadducts, and their corresponding mechanism has been 
the subject of many theoretical studies78-83. 
 It is important to underline that the majority of these works are focused on the 
analysis of the stationary points on the potential energy surface, as well as on the 
reactivity indices derived from CDF theory. Very recently, Miranda-Quintana and 
Ayers84 revisited the role of some reactivity descriptors of CDF theory, such as the 
electronic chemical potential, as an indicator of the tendency of chemical species to 
attract or donate electrons, in a family of 1,3-DC reactions. These authors observe that 
the direction of the electron transfer is incorrectly predicted by the classical Mulliken 
electronegativity formula. Therefore, mechanistic aspects of this type of reactions 
present shortcomings and necessarily require a deep re-examination. 
 Some time ago we studied the molecular mechanism of the 1,3-DC between 
fulminic acid and acetylene by means of BET and the results provided a chemical 
description of the reaction mechanism in terms of heterolytic concerted nonsynchronous 
bond formation: the first step corresponding to the simultaneous formation of the C-C 
bond and a lone pair on the nitrogen atom, whereas the remaining ones lead to ring 
closure30. We therefore proposed that the term 1,3-DC reaction is widely overused and 
deserve clarification. 
 In the present work, a systematic study of the mechanistic aspects of the formal 
1,3-DC reaction between the cyclic nitrones pyrroline-1-oxide (1) and 2,3,4,5 
tetrahydropyridine-1-oxide (2) with ethyl acrylate (Scheme 1) to obtain bicyclic 
isoxazolidines, are analyzed and described from the perspective of BET. This work aims 
to give rise to new breakthrough points on the nature of the molecular mechanism of 
these reactions. In particular, concertedness and synchronicity/nonsynchronicity, which 
are relevant concepts able to establish temporal relationships between the chemical 
events that lead to chemical reactivity. Likewise, the present approach retrieves the 
classical curly arrows used to describe the rearrangements of chemical bonds for a given 
reaction mechanism, from the electron flows accompanying the bond breaking/forming 
processes as described by the BET, and how the Lewis structure can be recovered. 
Some of us85 have recently revisited this strategy. 
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Scheme 1. 1,3-DC reactions of cyclic nitrones 1 (n=1) and 2 (n=2) with ethyl acrylate along ortho and 
meta- channels. 
 
Computational details 
 
All calculations of structures and energetics were carried out with the aid of 
Gaussian0386 or Gaussian0987 sets of programs. Geometrical parameters of reactants, 
transition states (TS) and products were fully optimized at several theoretical levels for 
nitrone 1, ranging from AM1 to wB97xd/cc-pVTZ. For nitrone 2, the B3LYP/6-31G(d) 
and M06-2x/6-311++G** levels have been used (see below). The TSs were further 
confirmed by vibrational analysis and characterized by the only one imaginary 
vibrational mode. The IRC paths88 were traced in order to check the energy profiles 
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connecting each TS to the two associated minima of the proposed mechanism using the 
second-order González–Schlegel integration method 89,90. The electronic structures of 
the stationary points were also analyzed by the natural bond orbital (NBO) method91. 
 For the topological analysis within the BET theory, the wave functions have 
been obtained for each point of the IRCs at the B3LYP/6-31G(d) and M06-2X/6-
311++G** levels for nitrone 1, and at the B3LYP/6-31G(d) for nitrone 2, and the ELF 
analysis has been performed by means of the TopMod package92 considering a cubical 
grid of step size smaller than 0.05 bohr. The molecular geometries and ELF basin 
positions are visualized using the program GaussView93. The pictorial representations 
of the ELF basin isosurfaces (see supporting information) has been done by using the 
program UCSF Chimera94. 
 The topologies of the ELF gradient fields along the reaction pathway connecting 
reactants with products, via transition structures and possible intermediates, cover a 
series of SSDs, within which all the critical points are hyperbolic, separated by 
catastrophic points at which at least one critical point is non-hyperbolic. The 
catastrophes occurring at these turning points are identified according to Thom’s 
classification27. Therefore, a chemical rearrangement is viewed as a sequence of 
elementary chemical processes separated by turning points or catastrophes. These 
chemical processes are classified according to the variation of the number of basins µ 
and/or of the synaptic order σ of at least one basin. A clarification about the meaning of 
atomic basins, SSDs, terms and terminologies can be found in previous studies36,37,95,96. 
 
Results and discussion 
 
Energetic and geometric aspects 
 
 Four reactive channels are possible for these formal 1,3-DC from two 
regioisomeric pathways (ortho and meta), as shown in Scheme 1. We used the name 
system for the corresponding TSs and cycloadducts, with n=1 or 2 for the processes 
starting from nitrones 1 or 2, respectively. 
 The energetic values obtained are summarized in Tables 1 and 2. Table 1 shows 
the activation enthalpies and Gibbs free energies for the 1,3-DC between nitrone 1 and 
ethyl acrylate at the various theoretical levels used. As can be seen, the values obtained 
are strongly dependent on the theoretical level, either from a quantitative or from a 
 10 
qualitative point of view. This dependence has already been noted by Acharjee et al81 
and earlier by Carda et al97, and was explained based on the similar HOMO coefficient 
values that related nitrones exhibit at the oxygen and ethylene carbon centers. 
 Three of the theoretical levels used predict the ortho-endo channel to be the 
preferred one, while four of them conclude that TS1men is the most favorable TS. The 
energetic differences between the calculated barrier heights are relatively small within 
each of the methods used, with the exception of the HF/Def2TZV values. They are 
always lower than 5.5 kcal/mol, thus indicating that from a theoretical point of view the 
four channels can compete to some extent. Both endo paths emerge as the most 
preferred, in agreement with the endo stereoselectivity observed with acyclic nitrones83. 
As can be seen in Table 1, with the exception of the results obtained at HF/Def2TZV, 
the endo approach via the ortho- pathway is favored over the exo approach. In the meta-
pathway the endo approach is also in general more favorable, although several 
differences have been found. 
 
Table 1: Activation enthalpies (ΔH#) and Gibbs free energies (ΔG#) with respect to the separated 
reactants, both in kcal/mol, for the TSs found in the 1,3-DC reaction of nitrone 1 with ethyl acrylate at the 
theoretical levels indicated. The lowest values obtained at each theoretical level are highlighted in red. 
 
  TS1oen TS1oex TS1men TS1mex 
AM1 ΔH# 20.08 21.84 17.73 18.55 
ΔG# 33.95 35.24 30.94 31.39 
B3LYP/6-31G(d) ΔH# 9.54 10.90 10.36 10.65 
ΔG# 23.43 23.86 24.07 23.75 
B3LYP/6-311++G** ΔH# 14.32 14.71 15.00 14.61 
ΔG# 27.96 28.01 28.45 27.83 
HF/Def2TZV ΔH# 31.16 31.03 21.52 21.44 
ΔG# 45.31 44.84 35.29 34.98 
MP2/6-31G(d) ΔH# -2.18 -1.39 2.53 3.34 
ΔG# 11.61 12.07 15.74 16.64 
B97D/cc-pVTZ ΔH# 5.43 6.66 7.77 8.46 
ΔG# 19.32 19.62 21.62 21.82 
wB97xd/cc-pVTZ ΔH# 8.49 9.51 7.47 8.54 
ΔG# 22.73 23.29 21.73 22.03 
M06-2X/6-311++G** ΔH# 6.69 7.53 4.21 5.98 
ΔG# 20.91 21.36 18.43 19.10 
 11 
M06-2X/cc-pVTZ ΔH# 7.70 8.51 5.32 6.60 
ΔG# 22.03 22.44 19.79 20.03 
 
 For this kind of reactions, the chemical intuition indicates that the most 
nucleophilic center of the nitrone should attack the most electrophilic center of the 
dipolarophile. We have calculated the local electrophilicities and nucleophilicities (data 
not shown) for nitrone 1 and ethyl acrylate at the theoretical levels used, and we have 
confirmed that, whatever the method, the most nucleophilic center of nitrone 1 is 
predicted to be the oxygen atom, while the most electrophilic center of the dipolarophile 
is the terminal ethylene carbon atom. The nucleophilic attack of the nitrone on ethyl 
acrylate would therefore explain the formation of a meta regioisomer. However, we 
cannot rule out the possibility of an ortho-endo channel according to the energetic data 
obtained, and therefore in what follows both the ortho-endo and meta-endo channels 
have been studied in depth, by using either one of the methods that predict the ortho-
endo channel as the more favorable pathway, and also by using one of the methods that 
predict the meta-endo channel as the preferred one. Among the first ones we have 
chosen the B3LYP/6-31G(d) theoretical level because the MP2/6-31G(d) and the 
B97D/cc-pVTZ approaches require unattainable calculation times when conducting the 
topological analysis. Among the second ones we have chosen the M06-2X/6-311++G** 
because the other non-semiempirical methods predicting the meta-endo channel to be 
the preferred path (wB97xd/cc-pVTZ and M06-2X/cc-pVTZ) also require too long 
calculation times. Table 2 shows the relative enthalpies and Gibbs free energies of all 
the stationary points calculated by using these two theoretical approaches. 
 
Table 2: Relative (to reactants) enthalpies (ΔH) and Gibbs free energies (ΔG), both in kcal/mol, for the 
stationary points found in the 1,3-DC reaction of nitrones 1 and 2 with ethyl acrylate. 
 
 B3LYP/6-31G(d) M06-2X/6-311++G** 
 ΔH ΔG ΔH ΔG 
TS1oen 9.54 23.43 6.69 20.91 
TS1oex 10.90 23.86 7.53 21.36 
TS1men 10.36 24.07 4.21 18.43 
TS1mex 10.65 23.75 5.98 19.10 
TS2oen 10.67 24.30 7.74 21.45 
TS2oex 11.67 25.01 8.61 22.47 
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TS2men 8.87 23.02 2.51 16.75 
TS2mex 11.13 24.56 6.25 19.51 
CA1oen -17.04 -2.63 -26.32 -11.58 
CA1oex -16.57 -2.86 -26.07 -12.22 
CA1men -16.31 -2.23 -26.81 -11.92 
CA1mex -17.51 -3.69 -27.33 -13.67 
CA2oen -16.21 -2.44 -25.42 -10.94 
CA2oex -15.29 -1.70 -24.72 -10.88 
CA2men -15.24 -0.99 -26.74 -11.64 
CA2mex -15.60 -1.70 -26.42 -12.20 
 
 At the B3LYP/6-31G(d) level, for nitrone 1 it is predicted that the passage 
through TS1oen is kinetically favored, while the obtaining of CA1mex via TS1mex is 
thermodynamically favored. In contrast, at M06-2X/6-311++G**, the passage through 
TS1men is predicted to be kinetically favored, the formation of CA1mex also being 
predicted as the preferred pathway from a thermodynamic point of view. The values 
listed in Table 2 indicate that this reaction is moderately regioselective, because the 
energy differences between the most favorable TS and the least favorable one are very 
small, and also display a moderate endo stereoselectivity as the endo TSs are a few kcal 
mol-1 below the exo TSs. For nitrone 2, both calculation levels predict TS2men to be 
the most favorable TS, the differences with the other TSs being slightly larger than in 
the case of nitrone 1, although they are still small. The exothermic nature of the reaction 
makes the formation of the four cycloadducts irreversible, and therefore the main 
products of the reactions are the ones which are formed by kinetic control. However, 
given the small energetic differences among all TSs, a mixture of the four cycloadducts 
can be obtained. 
 The transition structures are depicted in Figures 1 and 2 for the starting nitrones 
1 and 2, respectively. Their geometries are fairly invariant with respect to the theoretical 
level used (see Table 1S in Supporting Information). 
 Some B3LYP/6-31G(d) distances are included in Figures 1 and 2, together with 
the corresponding Wiberg bond orders obtained at the TS, and show that C-C bond 
formation is more advanced in the ortho channels, while C-O bond formation is more 
advanced in the meta channels. Thus, the C-O bond orders at the TS for the ortho 
channels range from 0.263 to 0.287, while the C-C bond orders can be found between 
0.465 and 0.487. Therefore, at the TS the C-C bond formation is roughly 1.7 or 1.8 
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times more advanced than the C-O bond formation. With respect to the meta channels, 
the C-O bond orders range between 0.467 and 0.523, while the C-O bond indices are 
between 0.313 and 0.326, and hence C-O bond formation is approximately 1.5 or 1.6 
times more advanced at the TS than C-C bond formation. 
 
 
Figure 1: Optimized geometries at the B3LYP/6-31G(d) level for the TS1 structures with bond order 
(Wiberg bond index) in brackets. 
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Figure 2: Optimized geometries at the B3LYP/6-31G(d) level for the TS2 structures with bond order 
(Wiberg bond index) in brackets. 
 
 A charge transfer analysis at the transition structures can be found in the 
supporting information. The results indicate that the electron flux will occur from 
nitrones to ethyl acrylate, in agreement with the DFT reactivity indices derived from 
CDT, as can also be seen in tables 2S and 3S in the supporting information. 
 
BET study of the ortho/endo regioisomeric pathway for nitrone 1 
 
 We have conducted a detailed BET study of the ortho/endo regioisomeric 
pathway associated with the 1,3-DC reaction between ethyl acrylate and pyrroline-1-
oxide at the B3LYP/6-31G(d) level and at the M06-2X/6-311++G** level to test the 
robustness of the topological study and its dependence on the theoretical level at which 
the wave functions have been obtained. Both methods describe the process along seven 
SSDs, although some differences can be sensed. In Figure 3 the positions of the ELF 
basins for representative points belonging to each of the seven SSDs are shown, 
together with the position of the ELF basins for the isoxazolidine product, as obtained at 
the M06-2X/6-311++G** level. 
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Figure 3. ELF attractor positions for selected points that are representative of each of the SSDs found 
along the IRC associated with TS1oen, as well as for the reaction product. Gray, blue and red spheres 
represent the C, N, and O core basins, respectively. White spheres represent the hydrogenated basins, 
while violet spheres represent disynaptic or monosynaptic basins. The numbering used for some atoms is 
also shown, and a red ellipse has been used to highlight the topological changes encountered. 
 
 As can be seen in Figure 3, in SSD-I the system shows the topologies of the 
separate reactants. Therefore, 22 basins can be found in the pyrroline moiety: the six 
core basins for the O, N and C atoms, seven hydrogenated basins, seven disynaptic 
basins accounting for the bonds between heavy atoms, and two monosynaptic basins 
around the O1 atom. For the acrylate moiety, 25 basins can be found: seven core basins, 
eight hydrogenated basins, seven disynaptic basins and three monosynaptic basins 
around the O atoms. 
 When performing the analysis at the B3LYP/6-31G(d) level, only one disynaptic 
basin appears between N and C4 at the beginning of the reaction (see Figure 2S in 
Supporting information). This discrepancy in the number of disynaptic basins between 
the N and C4 atoms has only been found in the ortho/endo case (see below). It must be 
stated that the difference between the results obtained with the two methods only affects 
the number of basins, but not the electronic distribution, because the total population of 
the two separated V(N,C4) basins found at both levels approaches four electrons, as 
SSD#I% SSD#II% SSD#III% SSD#IV%
SSD#V% SSD#VII% Product%
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N%
O1%
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expected. In Figure 1S, in Supporting information, a pictorial representation of the ELF 
localization domains as obtained by using both calculation levels is depicted. As can be 
seen, the pictorial description is the same despite this difference in the number of basins 
between N and C4. These two disynaptic basins between N and C4 merge into one by 
means of a cusp-type turning point well before the rest of the topological changes take 
place, without affecting the electronic distribution of the system (see below). 
 As the reaction proceeds, the merging of the two disynaptic basins between C5 
and C6 atoms by means of a cusp-type turning point occurs. Soon after that, a fold-type 
catastrophe takes place, consisting in the appearance of a monosynaptic basin on C4 
when SSD-IV is reached, pointing to the C5 atom as can be seen. Then other 
monosynaptic basins appear on the N and C5 atoms, in a fold-type turning point, when 
SSD-V is attained. The TS is reached in the middle of the SSD-V region, and SSD-VI 
begins with the formation of the C4-C5 bond when both monosynaptic basins on C4 
and C5 atoms merge with each other and a new disynaptic V(C4,C5) basin appears 
instead, in a cusp catastrophe. The last topological change takes place when SSD-VII is 
reached, and consists in the sudden appearance of the V(O1,C6) disynaptic basin 
accounting for the O1-C6 bond formation, by means of another cusp-type turning point. 
The description of the main changes is invariant regardless of the theoretical level used: 
the appearance of monosynaptic basins on N and both carbon atoms (in this case, first 
the C4, then N and C5) precedes the formation of the disynaptic V(C4,C5) basin and, 
finally, V(O1,C6). 
 The population evolution along the IRC for the most representative basins has 
been depicted in Figure 4 (see Figure 3S in Supporting Information for the B3LYP 
results). The separation between the different SSDs found is indicated with the help of 
dashed vertical lines. As can be seen, along SSD-I and SSD-II nothing seems to happen 
from an electronic point of view, apart from the initial merging of the disynaptic basins 
between N and C4 atoms that does not affect the population distribution, making 
apparent the idea that the turning point between SSD-I and SSD-II lacks significance 
from an electronic point of view. The two reactants approach each other without 
electronic transfer: only near the end of the SSD-II a very slight decrease in the 
V’(C5,C6) disynaptic basin population, and a slight increase in the V(N,C4) basin 
population, can be detected. 
 The figure 4 makes apparent that, with the exception of the first non-significant 
change, the turning points concentrate in a relatively narrow region around the TS, and 
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therefore, although the whole process cannot be described as concerted from a 
topological point of view because different chemical events take place successively, the 
changes between SSDs occur very close to each other, in a highly synchronous way. 
 
 
Figure 4. Population (in electrons) evolution of selected basins along the IRC associated with TS1oen as 
a function of the IRC coordinate (in amu1/2·bohr) as obtained at the M06-2X/6-311++G** level. The 
separate reactants are located on the left, while the product of the cycloaddition is on the right. Dashed 
lines indicate the frontiers between the SSDs found. 
 
 Concertedness and synchronicity are fundamental concepts in chemical 
reactivity that are used to define the nature of a given reaction mechanism. These 
concepts allow us to establish a temporal relation between the chemical bond 
formation/rupture processes along the progress of the reaction. If these processes occur 
at the same time, the reaction mechanism is defined as concerted synchronous, but if 
they occur at different times, one after another, it is said that the reaction mechanism is 
asynchronous. A deep relationship between these temporal concepts and spatial 
quantities can be found by analyzing SSDs. To verify the validity of this statement and 
use the position of the changes between the different SSDs as an indicator of the 
synchronicity of a particular process, we define the following equations to be used when 
the number of SSDs is at least three: 
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         (1) 
 
 Equation (1) allows us to calculate the synchronicity (Sy), the maximum value 
of which will be 1. In the equation, n is the number of SSDs minus one, Sf and S0 are the 
final and initial IRC values, respectively, and the different values of Sj and Si are the 
IRC values at which the changes between SSDs appear. The closer they are, the more 
the Sy value approaches 1. The minimum value of Sy will be a function of n, being zero 
for n=2, 0.333 for n=3 or 4, 0.4 for n=5 or 6, and so on. This minimum Sy value can be 
obtained by using equation (2): 
 
 Symin = 1−
2 n − i( ) − n − 2i( )
i=1
n /2
∑
i=1
n
∑⎛⎝⎜
⎞
⎠⎟
n n −1( )                               (2) 
 
 To obtain an absolute synchronicity, Syabs, on a zero-to-one scale, equation (3) is 
used: 
 
 Syabs = Sy − Sy
min
1− Symin                                  (3) 
 
 In our case, when neglecting the aforementioned non-significant change relative 
to the initial number of basins between C4 and N, n=5 and therefore Symin=0.4. The IRC 
ranges from -9.94 to 9.41 amu1/2·bohr, and the values for the rest of the SSD changes 
are, from left to right, in amu1/2·bohr, -1.77; -0.80; -0.48; 0.48 and 1.13. Hence Sy is 
calculated to be 0.93 and Syabs=0.88. This value implies that the topological changes 
take place in a very synchronous way, at 88% of the maximum absolute synchronicity. 
In addition, it should be noted that the TS can be found roughly midway along the IRC 
(at approximately 51%), and therefore it has an intermediate nature between reactants 
and products in terms of its position along the IRC pathway. The B3LYP results are 
equivalent, and a highly synchronous process is also described (Syabs=0.85). The TS can 
also be found at approximately 51% of the IRC. These data are shown in Table 4 to 
facilitate their interpretation. 
 
Sy =1− 2n(n −1)(Sf − S0 )
(Sj − Si )
j=i+1
n
∑
i=1
n
∑
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Table 4: Absolute synchronicities (Syabs); percentage of the IRC where the TS is located (%IRC), number 
of domains found (N) and order in which the monosynaptic and disynaptic basins appear (order) along the 
four pathways studied for the two nitrones at the B3LYP/6-31G(d) level. In brackets, the values obtained 
at the M06-2X/6-311++G** level. 
 
Nitrone ortho/endo ortho/exo meta/endo meta/exo 
 Syabs 
1 0.85 [0.88] 0.88 [0.91] 0.76 [0.79] 0.80 [0.89] 
2 0.87 0.92 0.73 0.82 
 %IRC 
1 51.1% [51.4%] 53.8% [63.1%] 56.3% [46.2%] 56.9% [46.6%] 
2 52.1% 43.8 % 51.4% 55.2% 
 N 
1 7 [7] 6 [7] 7 [6] 7 [7] 
2 7 6 6 7 
 order 
1* C4; N; C5; C-C; 
C-O 
[C4; N+C5; C-C; 
C-O] 
C4; N; C5; C-C; 
C-O 
[N; C4; C5; C-C; 
C-O] 
N; C6; C4; C-O; 
C-C 
[N; C6; C4+C-O; 
C-C] 
N; C6; C4; C-O; 
C-C 
[N; C6; C4; C-O; 
C-C] 
2 C4; N; C5; C-C; 
C-O 
C4+N; C5; C-C; 
C-O 
N+C6; C4; C-O; 
C-C 
N; C6; C4; C-O; 
C-C 
* The appearance of monosynaptic basins is indicated with the atomic symbols and atom numbering, 
while the appearance of the disynaptic basins is only indicated with C-C or C-O, depending on the bond 
formed. 
 
 The data presented in Figure 4 can be used to describe the flows of electrons, 
and the intimate electronic mechanism of the reaction process can be revealed. As 
mentioned above, when SSD-III is reached the disynaptic basins V(C5,C6) and 
V’(C5,C6) merge to render a single basin between these two atoms with a population 
that initially equates the sum of the populations of the separate basins, and from this 
turning point onwards the electronic redistribution takes place. 
 Then SSD-IV is reached and a first significant topological change takes place: a 
V(C4) monosynaptic basin is created taking its population mainly from the V(N,C4) 
disynaptic basin. Along this domain the population of the newly created monosynaptic 
V(C4) basin grows until reaching 0.4 electrons, while the population of the V(N,C4) 
basin diminishes by 0.33 electrons. Therefore, a curly arrow reporting the electron flow 
along SSD-IV can be depicted, in which the classical Lewis structures are implicitly 
recovered (see Scheme 2). 
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Scheme 2. Flow of the electrons among the different basins for the indicated SSDs along the ortho/endo 
path. Heavy dots represent monosynaptic basins, continuous lines represent disynaptic basins, and the 
main core basins are indicated by the atomic symbol with the atom numbering. The basins that appear are 
depicted in red. 
 
 The population of the V(C4) monosynaptic basin keeps slightly growing along 
SSD-V. However, the main topological changes occurring in SSD-V are the 
appearances of the monosynaptic V(N) and V(C5) basins that take their populations 
mainly from the V(N,C4) and V(C5,C6) basins: V(N) grows to 1.27 electrons, V(C5) to 
0,41, while V(N,C4) and V(C5,C6) lose 1.21 and 0.44 electrons, respectively. 
Accordingly, two curly arrows for SSD-V are depicted in Scheme 2. 
 When SSD-VI is reached, the distance between C4 and C5 has been reduced and 
the system is ready to experience the first of the two most significant topological 
changes: the two monosynaptic basins on C4 and C5 have been populated and they are 
ready to merge to each other, thus allowing the creation of the V(C4,C5) disynaptic 
basin accounting for the C4-C5 bond. To achieve this goal, a population transfer takes 
place to the new V(C4,C5) disynaptic basin from the V(C4) and V(C5) basins, which 
disappear with 0.62 and 0.41 electrons, respectively, and from V(C5,C6), which loses 
0.15 electrons. At the end of SSD-VI, the V(C4,C5) disynaptic basin has acquired a 
population of 1.29 electrons. On the other hand, as can be seen in Figure 4 and also in 
Scheme 2, the population transfer from V(N,C4) to V(N) continues along this domain, 
increasing the population of the monosynaptic basin by another 0.26 electrons, so as to 
achieve a total population of 1.53 electrons, while V(N,C4) has a population of only 
2.19 electrons at the end of SSD-VI, almost half the value found at the beginning of the 
whole process between N and C4 atoms (3.77 electrons). 
 The last SSD is characterized by the second most significant topological change: 
the appearance of the V(O1,C6) disynaptic basin accounting for the O1-C6 bond 
C4N
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C6 C5
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formation. The population of the new basin is very low at the beginning of the domain 
(only 0.14 electrons) but grows as the reaction continues to reach a final value of 1.23 
electrons. These electrons come from several places: the two V(O1) and V’(O1) 
monosynaptic basins contribute with 0.32 electrons each, the V(N,O1) disynaptic basin 
with about 0.2 electrons, and even the V(C6,C7) disynaptic basin, which was slightly 
increasing its population until the end of SSD-VI, loses 0.25 electrons along SSD-VII. 
Apart from these flows, the population of V(N) keeps growing along SSD-VII with 
another 0.82 electrons, which come partly from the V(N,C4) basin (0.37 electrons), 
partly from the V(N,O1) basin (about 0.1 electrons), or even partly from the V(N,C1) 
basin (not shown in Figure 4), which loses 0.2 electrons. Additionally, the electron flow 
between V(C5,C6) and V(C4,C5) continues, with about 0.6 electrons being transferred. 
 It is interesting to see that, although the topological changes between different 
SSDs take place in a very narrow range along the IRC, as stated above, the electron 
flows extend much more. In fact, along SSD-VII there is a wide range in which the 
basin populations change very much while maintaining the topological description of 
the system. Therefore, from the point of view of the electron flows, the process does not 
end with the last turning point between SSD-VI and SSD-VII, because large changes in 
the basin populations can be found along SSD-VII. Looking at Figure 4, it can be said 
that the electron flows began more or less at the second turning point found (at a value 
for the IRC of -1.77 amu1/2·bohr) and ended at a value of around 5 amu1/2·bohr. This 
range represents almost 35% of the whole IRC. In addition, it can also be said that the 
main electron flows take place in a late stage of the reaction, from shortly before the TS 
until much later. 
 The description of the electron flows along the chemical process is fairly 
independent with respect to the theoretical level used: the same description offered 
above is repeated when the B3LYP level is used instead, with small non-significant 
variations in the amount of the particular population interchanges. 
 In a recent work, Domingo et al reported a BET study of the [3+2] cycloaddition 
between an acyclic nitrone (C-phenyl-N-methyl-nitrone) and acrolein, to render simple 
isoxazolidines83, at the MPWB1K/6-31G(d) level. Although we study rather different 
systems (two cyclic nitrones reacting with ethyl acrylate to render bicyclic 
isoxazolidines), it is worth making a comparison with their results. For the ortho/endo 
regioisomeric path they found eight “phases”, instead of seven SSDs. In their first 
turning point between phase I and phase II, the merging of the two V(C5,C6) disynaptic 
 22 
basins into one takes place, together with the appearance of the monosynaptic basins 
V(N) and V(C4). In the next turning point they report the V(C5) monosynaptic basin 
appearance. Thereafter the V(C4,C5) is formed by disappearing both monosynaptic 
basins V(C4) and V(C5). In phase V they detect the appearance of a transient V(C6) 
monosynaptic basin, which has got always a very low population. After that they 
distinguish between phase V and phase VI on the basis of variations in the populations 
of some basins, although the topological description of the system is the same for both 
phases. In their phase VII the transient V(C6) monosynaptic basin disappears, and 
hence phase VII has the same topology than their previous phase IV. Finally, the V(O1-
C6) disynaptic basin appears at phase VIII. It must be said that the work of Domingo et 
al is rather different from ours: first, they divide the reaction into “phases” instead of 
SSDs, and differentiate two consecutive “phases” with the same ELF topology, that 
from our point of view constitute a unique SSD. Second, they do not report the 
population evolution of the basins as a function of the IRC coordinate, but as a function 
of a regular spacing of phases, and therefore it is difficult in their work to appreciate the 
synchronicity/asynchronicity of the topological changes. And third, they do not recover 
curly arrows from their results. These aspects, together with the rather distinct systems 
studied, make a sound difference between both works. All and all, while keeping in 
mind these differences, both works agree in the main trends: the appearance of 
monosynaptic basins on C4, N and C5, whatever the order, precedes the C4-C5 bond 
formation, and the finally the O1-C6 bond forms. 
 
BET study of the meta/endo regioisomeric pathway for nitrone 1 
 
 The BET study of the meta/endo regioisomeric pathway at the M06-2X/6-
311++G** level indicates that the process takes place along six SSDs. The positions of 
the ELF basins for representative points belonging to each of the SSDs are shown in 
Figure 5, together with the position of the ELF basins for the corresponding 
isoxazolidine product. 
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Figure 5. ELF attractor positions for selected points that are representative of each of the SSDs found 
along the IRC associated with TS1men, as well as for the reaction product. The numbering used for some 
atoms is shown, and a red ellipse has been used to highlight the topological changes encountered. 
 
 At SSD-I only a disynaptic V(N,C4) basin is found, while the rest of the system 
is described with the same topology already found in the previous chapter. In this case 
both theoretical levels describe the same topology (see Figure 4S in Supporting 
information). The first topological change detected is the merging of the two disynaptic 
basins between C5 and C6 into a single V(C5,C6) basin. After that, the first 
monosynaptic basin to appear is V(N) (in SSD-III), then V(C6) in SSD-IV, and finally 
V(C4) in SSD-V. It should be noted that the monosynaptic basin on the C atom at the 
acrylate moiety now appears on the secondary C6 atom and not on the primary C5 
atom, because the C-C bond is going to be formed between C4 and C6. As described 
before, the C-C bond formation takes place with the appearance of a monosynaptic 
basin onto each of the C atoms, which merge to form a disynaptic V(C,C) basin, while 
the C-O bond formation takes place by the sudden appearance of a V(O,C) disynaptic. 
Unlike the preceding case, this time the V(O1,C5) disynaptic basin appears first, in 
SSD-V, coinciding with the appearance of V(C4), and the last topological change 
detected is the C-C bond formation via the merging of V(C4) and V(C6) into a 
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V(C4,C6) disynaptic basin, in SSD-VI. At the B3LYP level, the appearance of the 
V(O1,C5) disynaptic basin does not coincide with the appearance of the V(C4) 
monosynaptic basin, and therefore seven SSDs are needed to describe the whole 
process. This is the only difference between the topological description offered by the 
two theoretical levels, and the main trends have also been found. 
 The population evolution along the IRC for the most representative basins is 
depicted in Figure 6. In this case the topological changes appear sparser than in the 
preceding case. Therefore, the process is not so synchronous: by using equations (1) to 
(3) the absolute synchronicity has been calculated to be Syabs=0.79, i.e., 79% of the 
maximum synchronicity. The IRC extends this time from -7.46 to 8.71, and therefore 
the TS is located at 46.2% of the IRC, thus having a more reactant-like character. At the 
B3LYP level (see Figure 5S in supporting information), the absolute synchronicity is 
somewhat lower (Syabs=0.76) due to the non-coincidence in the appearance of the 
monosynaptic V(C4) basin and the disynaptic V(O1,C5) basin. Moreover, at the B3LYP 
level the TS has been found later along the IRC, being located at 56.3% of it. 
 
 
Figure 6. Population (in electrons) evolution of selected basins along the IRC associated with TS1men as 
a function of the IRC coordinate (in amu1/2·bohr). The separate reactants are located on the left, while the 
product of the cycloaddition is on the right. Dashed lines indicate the frontiers between the SSDs found. 
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 As can be seen in Figure 6, nothing seems to happen along SSD-I and, as before, 
only by the end of the domain slight changes in the V’(C5,C6) and V(C5,C6) basin 
populations are detected. This basins merge at the turning point between SSD-I and 
SSD-II to render a single basin with a population that is equal to the sum of the 
populations of the separate basins. In SSD-III the V(N) monosynaptic basin appears, 
taking its population from the V(N,C4) disynaptic basin. The V(N) population grows 
until 1.07 e, and the V(N,C4) population decreases by 1 e along SSD-III (see Scheme 
3). 
 
 
Scheme 3. Flow of the electrons among the different basins for the indicated SSDs along the meta/endo 
path. Heavy dots represent monosynaptic basins, continuous lines represent disynaptic basins, and the 
main core basins are indicated by the atomic symbol with the atom numbering. The basins that appear are 
depicted in red. 
 
 A second monosynaptic basin appears on C6 in SSD-IV. Along this domain, the 
population of V(C6) increases by up to 0.46 e, which are taken from the V(C5,C6) 
disynaptic basin. In addition, the V(N) population keeps growing, mainly taking 
electrons from V(N,C4). The third monosynaptic basin appears on C4 in SSD-V. Its 
population comes from the disynaptic V(N,C4) basin. But this is not the only transfer 
that can be detected along SSD-V: the V(N) population increases by 0.32 e, which are 
also taken from the V(N,C4) basin. In addition, the V(C6) monosynaptic basin slightly 
increases its population by 0.2 e, which come from the V(C5,C6) basin. Also in SSD-V 
the first of the bonds is formed: the V(O1,C5) disynaptic basin appears and its 
population (0.89 e) is withdrawn almost completely from V’(O1) and V(O1). Therefore, 
five curly arrows are depicted in SSD-V in Scheme 3. 
 The last of the domains, SSD-VI, exhibits a huge reorganization of the electrons 
that flow from V(N,C4) to V(N); from V(C4), V(C6), and V(C5,C6) to the newly 
formed V(C4,C6); and from V(N,O1) and V(C5,C6) to the V(O1,C5) basin. As can be 
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seen in Figure 6, the significant changes in the basin population take place to a larger or 
lesser extent from the first turning point (s=-2.51 amu1/2·bohr) to a well-advanced point 
of the SSD-VI, at s≅4.6 amu1/2·bohr. This range represents the 44% of the whole IRC 
and, as happened before, the range at which the main electron flows take place extends 
from shortly before to well after the TS. 
 In our study we have found only six (or seven, depending on the theoretical 
approach) SSDs instead of the eight phases described by Domingo et al83. In their 
paper, the monosynaptic basins appear in a different order: first appears V(C6), 
followed by V(N), and finally V(C4). They also detect a phase in which a transient 
additional monosynaptic basin appears on O1 before the formation of the disynaptic 
V(O1,C5) basin. The formation of the V(C4,C6) basin closes the process. As before, 
despite the differences between our study and Domingo’s, the main trends are the same: 
the appearance of the three monosynaptic basins on N, C6, and C5, formation of the 
O1-C5 bond first, and final formation of the V(C4,C6) disynaptic basin. 
 
BET study of the ortho- and meta/exo regioisomeric pathways for nitrone 1 
 
 At variance with the Domingo’s work83, we have also explored the exo pathways 
in search of differences with respect to the topological description of the endo processes 
detailed above, and the results obtained are reported in Table 4. 
 The ortho/exo pathway can be described from the topological point of view also 
as a series of seven SSDs. There is a difference with respect to the results for the 
ortho/endo path, namely, the monosynaptic basin V(N) appears before the appearance 
of the V(C4) basin. The absolute synchronicity is found to be 0.91, which is also very 
high and slightly larger than the absolute synchronicity for the ortho/endo case. 
Therefore, with the proviso of the earlier appearance of the V(N) basin, the topological 
description is equivalent for both ortho paths. The TS is found in this case at a fairly 
late position along the IRC: at 63.1%. At the B3LYP level six domains have been found 
instead of seven. This difference arises from the turning point between SSD-I and SSD-
II, which accounts for the merging of the two disynaptic basins V(C5,C6) and 
V’(C5,C6), but also for the appearance of the V(C4) monosynaptic basin, that precedes 
the V(N) appearance. The V(C4,C5) basin formation takes also place first and the 
V(C6,O1) basin appearance closes the process. As for the synchronicity the calculated 
value is Syabs=0.88, a value that is rather similar to the one found for the endo process 
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(0.85). This again describes the topological changes as very synchronous and in a 
central region along the IRC (the TS is found this time at 53.8% of the IRC). The flow 
of electrons described before can also be applied in the ortho/exo case. 
 The meta/exo pathway can be described as a series of seven SSDs, like the 
meta/endo case. The topological changes take place in the same order as before. As for 
the synchronicity of the changes between the different domains, the calculated values 
are Syabs=0.89 at the M06-2X level and 0.80 at the B3LYP, slightly higher values than 
the ones found for the meta/endo process, and slightly less synchronous than the 
corresponding ortho case. The TS is found this time at 46.6% of the IRC (56.9% at the 
B3LYP), more or less as in the endo cases. The flow of electrons described earlier can 
also be applied here. 
 
BET study of the pathways for nitrone 2 
 
 For the sake of completeness, we have also explored the four pathways for the 
reaction between nitrone 2 and ethyl acrylate, only at the B3LYP/6-31G(d) level. The 
results obtained indicate that the topological description for each of the pathways is 
roughly the same with independence of the nitrone. Thus, the ortho/endo regioisomeric 
pathway can also be described along seven structural stability domains accounting for 
the same changes in the topology as described for nitrone 1, and in the same order. The 
absolute synchronicity obtained is Syabs=0.87, very close to the value obtained for 
nitrone 1 at the same theoretical level (0.85). Moreover, the TS is also located roughly 
midway along the IRC, at 52.1%. 
 A small difference can be detected for the meta/endo pathway: in the nitrone 2 
case we have found six SSDs instead of seven, because the appearance of the 
monosynaptic basins V(N) and V(C6) takes place at the same time instead of 
consecutively. The Syabs value is 0.73 for nitrone 2. We have also found that the 
meta/endo pathway is less synchronous than the ortho one. The TS is now located at 
51.4% of the IRC, 5% more centered than in the case of nitrone 1. 
 With respect to the exo pathways, the ortho/exo path shows that the process can 
be described with six SSDs in both cases: for nitrone 1 the merging of the disynaptic 
basins between C5 and C6 takes place concomitantly with the appearance of the 
monosynaptic basin on C4, while for nitrone 2 the appearance of the monosynaptic 
basins on C4 and on N takes place at the same time. This fact is reflected in the Syabs 
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values, which are close to 90%: 0.88 for nitrone 1, and 0.92 for nitrone 2. The TS is 
located slightly displaced toward products for the case of nitrone 1, while it is found 
displaced toward reactants for the case of nitrone 2. 
 Finally, the meta/exo pathway is also described by seven SSDs taking place in 
the same order as in the case of nitrone 1. The absolute synchronicity is calculated to be 
0.82, very close to the preceding case (0.80), the TS being found at 55.2% of the IRC, 
1.7% more centered than in the case of nitrone 1. 
 In spite of the small differences found, the main conclusions from the study of 
the nitrone 1 case are also reached by studying nitrone 2: the processes along the ortho 
pathways are more synchronous than the corresponding processes through the meta 
paths, the monosynaptic basins appear in the early stages, and the C-C bond forms prior 
to the formation of the C-O bond along the ortho paths. In the meta paths, however, the 
C-O bond is formed prior to the C-C. 
 
Final remark 
 
 Finally, and in accordance with the above findings, the reaction mechanism can 
be rationalized by using the classical curly arrows for electronic motions accompanying 
the breaking of chemical bonds, the forming of new chemical bonds or the 
rearrangements of electron pairs, together with the associated transitions from single to 
double bonds or vice-versa (see Scheme 4), thereby retrieving the classical Lewis 
representation. Using this type of analysis, we can conclude that this reaction can be 
dissected into four consecutive stages: the first stage yields the reorganization of the 
valence molecular shells of N and C4 atoms, in which the N−C4 double bond lowers its 
population to become a single bond. The second part of the reaction path can be viewed 
as a reorganization of the valence molecular shells of C5 and C6 atoms, in which the 
formal double C5-C6 bond also lowers its population to form a single bond. In the third 
and fourth stages along the ortho pathway, the C4−C5 and O1-C6 bonds are formed, 
respectively, while along the meta channel, the O1-C5 bond is formed before the C4-C6 
bond. This picture is confirmed by the sequence of the catastrophes reported in the BET 
studies and by the evolution of the basin populations displayed in the reported figures. 
Therefore, this type of 1,3-DC reaction can be analyzed from the electron density 
rearrangements provided by BET, in which the bond breaking/forming processes take 
place in a consecutive fashion, discarding the concerted nature of this kind of 1,3-DC 
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processes, and highlighting the limitations of the use of geometry, the bond order, and 
the charge transfer in the transition structure for classifying and quantifying the 
(a)synchronicity. 
 
 
 
Scheme 4. Summary of the electronic motions, described by curly arrows, accompanying the breaking 
and forming of chemical bonds along the reaction progress, according to the classical Lewis 
representation. 
 
Conclusions 
 
 By using BET, which combines the topological analysis of ELF and Thom's 
catastrophe theory, we have obtained a great deal of fundamental knowledge, which 
provides a better understanding of how the flow of electron density along the reaction 
progress determines chemical reactivity. It represents a considerable advantage over 
orbital or conceptual density functional based theories. 
 It has become common to reference 1,3-dipolar cycloaddition (1,3-DC) when 
describing the chemical reaction between a 1,3-dipole and a dipolarophile. Here, a BET 
study on the formal 1,3-DC reaction of two cyclic nitrones, pyrroline-1-oxide (1) and 
2,3,4,5 tetrahydropyridine-1-oxide (2), with ethyl acrylate, has been carried out as a 
case study. 
 The main conclusions from the present work can be summarized as follows: 
N O
n
COOEt
Meta ChannelOrtho Channel
n=1,2
N O
n
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3
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 i) Four reactive channels have been found to be possible for these 1,3-DC 
processes, depending on the relative orientation of the two reactants: the ortho or meta 
approaches with endo or exo orientations. Among them, and depending on the 
theoretical level used, the endo pathways are calculated to be, in general, slightly 
favorable with respect the exo channels, although the energy differences are small and 
the four channels will compete to some extent. 
 ii) We have shown the limited influence of the ring size and theoretical level on 
the description of the electron flowing along the studied reaction paths. 
 iii) In the ortho/endo case the topological changes include the appearance of 
V(C4), V(N), and V(C5), the appearance of the V(C4,C5) disynaptic basin 
concomitantly with the disappearance of the V(C4) and V(C5) monosynaptic basins, 
and the final V(O1,C6) bond formation. For the meta pathways the order of appearance 
of the monosynaptic basins differs slightly (first V(N), then V(C6), and V(C4)), and the 
formation of the V(O1,C5) disynaptic basin takes place before the formation of the 
V(C4,C6) basin. 
 iv) We have defined a new parameter based on the BET study that accounts for 
the synchronicity in which the topological changes take place along the IRC. The 
synchronicity values for the ortho/endo channel are slightly lower than for the ortho/exo 
pathway for both nitrones. Moreover, the meta channels show absolute synchronicities 
that are lower than those of the corresponding ortho paths. These results show the 
relevance of BET analysis for classifying and quantifying the (a)synchronicity of the 
1,3-DC reaction mechanisms.  
 v) The topological changes take place via consecutive steps, and the electronic 
rearrangement extends along almost half the IRC, ruling out the concerted character of 
this kind of 1,3-DC processes. 
 vi) In all cases it has been found that from the appearance of the first 
monosynaptic basin, the system experiences a huge electron transfer process, in which 
the creation and population of the V(N) monosynaptic basin concomitantly with the 
depopulation of the V(N,C4) basin, can be considered as being responsible for the 
electron flow of the system along the reaction, together with the formation of the two 
new bonds. 
 vii) The BET results indicate that the reaction mechanisms can be represented by 
four consecutive stages, as follows: 1) the N−C4 bond lowers its population losing its 
initial double bond character; 2) the double C5-C6 bond also depopulates in its 
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transformation into a single bond. Along the ortho pathway the sequence is: 3) the 
C4−C5 bond-forming processes take place, and 4) the O1-C6 bond-forming process 
occurs, while an inverse order between 3) and 4) appears along the meta channel. 
 viii) The present BET analysis provides an alternative to drawing electron 
pushing arrows in Lewis structures, and using pictures of the electron transfers along 
the progress of chemical reactions. 
The purpose of this article is to outline an approach that provides physical 
information on a quantitative level that complements and overcomes the interpretations 
based on traditional MO, VB, or CDF theories of reaction mechanisms. The ideas 
presented in this work comprise a new description of reaction mechanisms of 1,3 DC 
rearrangements that can be extended to the study of larger systems. 
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